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INTRODUCTION  
Spatial memory has captured the interests of develop-
mental psychologists for decades, largely driven by 
Piaget’s demonstrations that children’s understanding 
of space undergoes considerable change during the fi rst 
few years of life (e.g., Piaget, 1954; Piaget & Inhelder, 
1956). One of the most dramatic—and most studied—
changes in early development occurs in the A-not-B sit-
uation. After repeatedly fi nding hidden toys at an “A” 
location, 8- to 10-month-old infants will reach back to 
A 3 to 5 s after seeing a toy hidden at a nearby “B” loca-
tion. A few months later, infants begin responding cor-
rectly in this task at the same delay—they reach to B on 
the B trials (e.g., Diamond & Doar, 1989; Piaget, 1954; 
Smith, Thelen, Titzer, & McLin, 1999).
A variety of conceptual and mathematical models 
have been proposed to explain the A-not-B error and 
its disappearance in early development. In the past de-
cade, at least four different models have been proposed: 
the memory + inhibition model (Diamond, Cruttenden, 
& Neiderman, 1994), the response vs. representation 
model (Marcovitch & Zelazo, 1999; Zelazo& Zelazo, 
1998), the latent versus active memory model (Munak-
ata, 1998; Munakata, McClelland, Johnson, & Siegler, 
1997), and the dynamic fi eld model (Smith et al., 1999; 
Thelen, Schoner, Scheier, & Smith, 2001). Each of these 
models gives a different explanation for why the A-
not-B error goes away around 12 months of age, rang-
ing from changes in inhibitory processes (see Diamond 
it al., 1994) to changes in the ability to sustain location-
related activation in working memory (see Thelen et al., 
2001). 
Although there are dramatic changes in children’s 
spatial memory abilities around 12 months, development 
does not, of course, stop there. At approximately 2 years, 
children remember locations more accurately, even af-
ter manipulations of body position  (Huttenlocher, New-
combe, &Sandberg, 1994; Newcombe, Huttenlocher, 
Drummey, &Wiley, 1998). This  advance occurs, in part, 
because 2-year-olds are more adept at using distant land-
mark cues (Newcombe et al., 1998). Two-year-olds also 
show evidence of using boundaries and edges to help 
them categorize space. For instance, several studies have 
found that 2-year-olds’ memory responses in a sandbox 
task are biased toward the center of the sandbox (Hut-
tenlocher et al., 1994; Spencer, Smith, &Thelen, 2001). 
According to Huttenlocher and colleagues (1994), these 
memory errors refl ect biases toward the center of a spa-
tial category formed when children use the edges of the 
sandbox as category boundaries.
How are these spatial memory abilities that emerge 
around 2 years related to the advances taking place at 
12 months in the A-not-B situation? Is there continu-
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ity in the development of spatial memory abilities be-
tween infancy and early childhood? This issue has re-
ceived relatively little attention in the literature. There 
are many models that capture the performance of infants 
in the canonical Piagetian A-not-B task. In contrast, dif-
ferent accounts capture young children’s performance in 
tasks such as the sandbox task, most notably, the cate-
gory adjustment (CA) model proposed by Huttenlocher, 
Hedges, and Duncan (1991). 
From one perspective, the existence of a set of mod-
els to explain infants’ performance in the A-not-B task 
and a separate set of models to explain 2-year-olds’ per-
formance in other tasks is not problematic. Rather, these 
separate accounts refl ect the reality of development: dif-
ferent systems lead to different errors at different ages 
in different tasks. For instance, several researchers have 
proposed that the A-not-B error is caused by a bias in a 
“response” system built up by repeated hiding and fi nd-
ing events at A (Marcovitch & Zelazo, 1999; Newcombe 
& Huttenlocher, 2000). By contrast, 2-year-olds’ perfor-
mance in the sandbox task refl ects the characteristics of 
a “place learning” system—the system involved in en-
coding locations relative to external landmarks (New-
combe & Huttenlocher, 2000; Newcombe et al., 1998). 
Thus, one can effectively study the development of the 
response and place-learning systems by examining the 
performance of children in these different tasks. 
In the present study, we adopted a different perspec-
tive and asked whether the same processes involved in 
performance in the A-not-B situation affect the perfor-
mance of older children in different tasks. In particu-
lar, we adopted the general processes perspective spec-
ifi ed by one model of the A-not-B error—the dynamic 
fi eld theory (DFT) proposed by Thelen and colleagues 
(2001). According to this model, the A-not-B error re-
sults from general processes involved in planning and 
remembering goal-directed actions to specifi c locations. 
Because these processes are general, they should oper-
ate in any task that requires children to plan and remem-
ber actions to specifi c locations. Thus, the model should, 
in theory, be able to capture both infants’ performance in 
the A-not-B situation and young children’s performance 
in other spatial memory tasks. This possibility was ex-
amined by generating a set of predictions from the dy-
namic fi eld model about the types of spatial memory er-
rors young children should make in a task that differs 
from the A-not-B situation. Specifi cally, we predicted 
that in the absence of salient location cues, young chil-
dren’s memory responses would show a continuous spa-
tial “drift” during short-term delays toward locations 
moved to on previous trials. 
The Dynamic Field Theory of the A-not-B Error 
The DFT was proposed to explain how an infant’s 
plan to move to a particular spatial location in the A-not-
B task changes in the context of the different events that 
happen in the task (for a mathematical treatment of the 
theory, see Amari, 1977; Amari & Arbib, 1977; Schoner, 
Kopecz, & Erlhagen, 1997; Thelen et al., 2001). Given 
the prevalence of neural network models in the litera-
ture, it is useful to think about the DFT in neural net-
work terms. As in most network models, the DFT speci-
fi es how “activation” changes in the context of different 
inputs. In the A-not-B situation, three inputs are relevant 
(Thelen et al., 2001). The task input captures the stable 
perceptual cues in the task space that designate the dif-
ferent behavioral alternatives—the lids that mark the 
hiding locations; the specifi c input captures the speci-
fi cation of the target location, for instance, the experi-
menter hiding a toy at the A or B location; and the mem-
ory input captures infants’ longer term memory of where 
they have reached on previous trials. 
These inputs are fed into a motor planning fi eld. Un-
like many network models, the neurons in the planning 
fi eld have a spatial ordering—neurons are ordered from 
left to right to capture the continuous range of possible 
reachable locations from a far left location to a far right 
location. Stronger activation at particular points along 
this fi eld indicates a stronger representation of the asso-
ciated locations in space. Conceptually this means that 
an infant is more “likely” to reach to locations associ-
ated with highly activated sites in the fi eld. (Note that 
“likely” is used here in a conceptual way, and is not 
meant to refer to probability density functions.) Given 
the relationship between sites in the network and loca-
tions in space, patterns of activation in the model can be 
translated into a “reaching response” in a rather simple 
way—the most strongly activated site in the planning 
fi eld at a particular moment in time determines where 
the model (i.e., the infant) will reach. 
The central elements of the DFT are shown in Figure 
1. This fi gure shows how the model behaves on the fi rst 
B trial in the canonical A-not-B task (i.e., the fi rst trial af-
ter pretraining to the A location and two A trials). The top 
panel shows a simulation of an 8- to 10-month-old infant’s 
performance. The bottom panel shows a simulation of a 
12-month-old infant’s performance. The fi gures in the left 
column of each panel show the three inputs to the model, 
whereas the fi gures to the right in each panel (Figures 1d, 
and 1h) show the planning fi eld. In each fi gure, the range 
of possible reaching locations are captured along the x-axis; 
time, from the start of a trial (0 s) to the end of a trial (10 s), 
is on the y-axis; and activation is on the z-axis. 
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Figure 1  The dynamic fi eld theory of the A-not-B error. The top panel shows time-dependent changes in a motor planning 
fi eld (d) in the context of three inputs (a, b, c) during the fi rst B trial for an 8- to 10-month-old infant. The bottom panel shows 
changes in a motor planning fi eld (h) in the context of the three inputs (e, f, g) during the fi rst B trial for older infants. White 
arrows in (b, f) indicate the appearance of the toy at 2 s. Black arrow in (d) indicates the increase in activation in the planning 
fi eld as a result of this event. See text for further details.
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Figure 1a shows the task input. In the canonical A-
not-B task, there are two hiding locations covered by 
identical lids. This is captured in the fi gure by the two 
peaks of input activation centered over the A and B lo-
cations. These activation peaks are relatively small be-
cause the lids in the canonical A-not-B task are not very 
salient. Furthermore, because the two possible hiding lo-
cations are visible throughout the trial, the task input re-
mains constant across the duration of the trial (from 0 s 
to 10 s). The specifi c input is shown in Figure 1b. At the 
start of the trial when the toy is not visible, the specifi c 
input is 0. Next, the experimenter waves the toy near the 
B location and hides it under the B lid. This event is cap-
tured by the strong input activation at the B location be-
tween 2 s and 4 s (see white arrow in Figure 1b). After 
the hiding event is over (after 4 s), the specifi c input is 
once again 0 (i.e., the toy is not visible). The fi nal input, 
the memory input, is shown in Figure 1c. The memory 
input has activation centered at the A location. Recall 
that Figure 1 shows how the model behaves on the fi rst 
B trial. Thus, the stronger activation at A in the mem-
ory input refl ects the infant’s longer term memory of 
the previous trials to A. Note that the static memory in-
put used here is a simplifi cation of the dynamically con-
structed memory input described in Thelen et al. (2001). 
Although the construction of the memory input is ne-
glected for simplicity, our simulations show the same 
qualitative effects that are present in the full model. 
Figure 1d shows the planning fi eld for a younger in-
fant (8–10 months). This fi eld integrates the task, spe-
cifi c, and memory inputs as the different events in the 
trial unfold. At the start of the trial, there is stronger 
activation in the planning fi eld at A than at B. This is 
due to the stronger memory input at A. From 2 s to 4 s, 
the experimenter waves the toy at the B location. The 
strong specifi c input that captures this event builds a 
peak of activation in the planning fi eld at the B loca-
tion (see black arrow in Figure 1d). At 4 s, the toy is 
hidden. In the absence of strong specifi c input, the ac-
tivation peak at B in the planning fi eld decays. Conse-
quently, by the time the infant is allowed to reach (at 
10 s), activation at A—driven by the memory input—
dominates and the infant reaches to A. That is, the in-
fant makes the A-not-B error. 
The bottom panel of Figure 1 shows a simulation of 
the model that captures the performance of older infants 
(12 months). Notice, fi rst, that the inputs in the left col-
umn (Figures 1e, 1f, and 1g) are identical to the inputs 
shown in the top panel. The planning fi eld, however, be-
haves quite differently (see Figure 1h). At the start of the 
trial, there is stronger activation at A than at B. As with 
the younger infant in Figure 1d, this refl ects the stron-
ger memory input at A. Next, the toy is held up and hid-
den at the B location. This leads to strong specifi c input 
at the B location that is amplifi ed in the planning fi eld. 
When the toy is hidden at 4 s, the specifi c input goes to 
0 (see Figure 1f). Nevertheless, activation at the B loca-
tion in the planning fi eld is maintained during the delay. 
Thus, even in the absence of input, the planning fi eld is 
able to retain an accurate memory of the hiding event at 
B. Consequently, after the delay (at 10 s), the older in-
fant reaches correctly to the B location. 
What accounts for the qualitatively different pat-
terns of activation in the two planning fi elds shown 
in Figure 1; that is, why does the model of the older 
infant stop making the A-not-B error? Thelen et al. 
(2001) proposed that neurons in the planning fi eld go 
from being weakly “cooperative” to being strongly 
cooperative between 10 and 12 months. Cooperativ-
ity refers to how neurons “work with” one another in 
the planning fi eld: when a neuron is activated, it in-
creases the activation of nearby “neighbors” (local ex-
citation) and suppresses the activity of far away neigh-
bors (lateral inhibition). Weak cooperativity means that 
neurons do not have a strong affect on one another. In-
stead, neuronal activity is largely determined by input. 
Strong cooperativity, by contrast, means that neuronal 
activity can take on a life of its own; even after strong 
input has disappeared, neurons can continue to excite 
one another within the local region initially stimulated 
by input. This self-sustaining stimulation is what main-
tains the activation peak at the B location in Figure 1h 
after the specifi c input is set to 0. 
It is important to note two characteristics of the de-
velopmental account proposed by Thelen et al. (2001). 
First, it only takes a small, quantitative parameter change 
to switch the dynamic fi eld model from weak to strong 
cooperativity. Thus, as is the case with many dynamic 
systems accounts of developmental phenomena, a small 
change in the parameters of the model can lead to quali-
tatively different behaviors over development (e.g., Har-
telman, van der Maas, & Molenaar, 1998; van der Maas 
& Molenaar, 1992; Van Geert, 1998). Second, although 
changes in cooperativity can be realized with a small pa-
rameter change, there are also other ways to create self-
sustaining local excitation. For instance, self-sustaining 
activation can be created by very strong input, the type 
of input that might result from perceptual learning. Thus, 
development in the model should not be considered an 
all-or-none developmental event. Rather, this type of de-
velopmental change is likely context and experience de-
pendent (Smith et al., 1999; Thelen et al., 2001). 
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The DFT Is a General Processes Account 
Although the DFT was proposed to explain the per-
formance of 8- to 12-month-old infants in the A-not-
B task, the processes formalized in the fi eld theory are 
general processes that make goal-directed actions to re-
membered locations. Thus, although the details of the 
inputs in Figure 1 are specifi c to the A-not-B situation—
two lids mark the possible hiding locations, and there is 
a relatively strong memory of the A location on the fi rst 
B trial—the processes that govern activation in the fi eld 
are not. Consequently, these processes should operate 
in tasks other than the canonical Piagetian A-not-B task 
and should capture the behavior of children older than 
12 months. 
Spencer et al. (2001) examined the generality of the 
model by investigating 2-year-olds’ location memory re-
sponses in a sandbox task. In this task, children watched 
as a toy was buried in a long, rectangular sandbox. After 
a short delay, children were allowed to search for the toy 
(see also, Huttenlocher et al., 1994; Newcombe et al., 
1998). The toy was hidden at an A location several times 
in a row. These A trials were followed by several trials 
to a B location 8 inches to 10 inches (20.3 cm to 25.4 
cm) from A. Two-year-olds’ responses on the A trials 
were accurate. Nevertheless, on the B trials, children’s 
responses were systematically biased toward A: children 
typically reached in between A and B, and these reaches 
were biased in the direction of A regardless of the lay-
out of A and B in the sandbox. Furthermore, as with 8 
to 10-month-old infants in the canonical A-not-B task 
(see Marcovitch & Zelazo, 1999; Smith et al., 1999), the 
magnitude of 2-year-olds’ biases toward A depended on 
the number of A trials: biases toward A were stronger af-
ter three A trials than after one A trial. 
Figure 2 shows a simulation of the DFT that illus-
trates how 2-year-olds’ errors on the B trials in the sand-
box task may have come about. This fi gure shows how 
activation evolves in a planning fi eld operating in the 
self-sustaining mode (e.g., a 2-year-old). The inputs to 
this fi eld are identical to the inputs used in Figure 1 with 
one exception—there is no task input. This refl ects the 
homogeneous nature of the task space in the sandbox 
task. As can be seen in Figure 2d, the absence of task in-
put has a dramatic effect on activation in the planning 
fi eld during the delay: the self-sustaining activation peak 
at the B location “drifts” toward the A location during 
the delay. Consequently, the 2-year-old will reach in be-
tween A and B after the memory delay. 
Why does activation drift during the delay? Self-sus-
taining peaks like the one shown in Figure 2d are sensi-
tive to inputs: they are attracted toward inputs provided 
that the location of the input and the location of current 
activation in the planning fi eld are relatively close. This 
is the case in Figure 2: the right edge of the activation 
peak in the planning fi eld at B (see Figure 2d) overlaps 
with the left edge of the memory input at A (see Fig-
ure 2c). Thus, when the specifi c input at B goes to zero 
(i.e., when the toy is hidden), the remaining input to the 
planning fi eld—the memory input—is larger on the right 
side of the self-sustaining peak than the left. As a conse-
quence, the peak in the planning fi eld begins to drift to-
ward A (i.e., toward the memory input), because there 
is slightly stronger local excitation on the A-ward side 
of the peak. Note that this did not occur in the A-not-B 
task depicted in the bottom panel of Figure 1, because 
the task input at B helped keep the peak centered at the 
B location. 
In summary, the simulation in Figure 2 demonstrates 
how the DFT can account for 2-year-olds’ location mem-
ory biases in the A-not-B version of the sandbox task 
(Spencer et al., 2001). These results demonstrate that 
the processes proposed to explain the performance of 8- 
to 12-month-old infants in the A-not-B situation can be 
usefully generalized to explain the performance of older 
children in other spatial memory tasks. Furthermore, 
this simulation reveals a new characteristic of the fi eld 
model—self-sustaining peaks can show continuous spa-
tial drift during delays. In the present study, three spe-
cifi c predictions derived from this characteristic of the 
DFT were tested. 
Specifi c Predictions 
The fi rst prediction tested was that young children’s 
location memory responses will show a continuous spa-
tial drift over short-term delays in tasks with a homoge-
neous task space. This prediction is consistent with 2-
year-olds’ reaches in between the A and B locations in 
Spencer et al. (2001) and with the continuous nature of 
children’s biases in studies by Huttenlocher, Newcombe, 
and Sandberg (Huttenlocher et al., 1994; Sandberg, Hut-
tenlocher, & Newcombe, 1996). Memory delays, how-
ever, were not systematically manipulated in these pre-
vious studies. In the present study, the spatial drift 
hypothesis was tested by measuring children’s location 
memory responses following delays of 0 s, 5 s, and 10 s. 
Second, the DFT predicts that in tasks with a homo-
geneous task space, children’s responses will drift to-
ward their longer term memory of previously moved-to 
locations—the memory input—when this input is close 
to the location currently activated in working memory. 
Spencer et al. (2001) demonstrated that 2-year-olds’ re-
sponses were biased toward an A location in the sand-
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box task at an 8 to 10-inch (20.3 cm to 25.4 cm) sepa-
ration. The present study examined whether 3-year-olds 
also show this characteristic of spatial memory. This is 
important because several ac counts of the A-not-B error 
predict that biases toward information stored in longer 
term memory should be less prevalent over development 
(e.g.. Diamond, 1990a; Diamond, 1990b; Munakata, 
1998). Thus, 3-year-olds—in contrast to the 2-year-olds 
in Spencer et al.— may not show response biases to-
ward previously moved-to locations over delays.
Finally, according to the DFT, the direction and mag-
nitude of the delay-dependent drift in children’s re-
sponses will depend on the strength and spatial struc-
ture of the memory input. Specifi cally, if there is strong 
memory input on one side of an activation peak in work-
ing memory, 3-year-olds will show signifi cant response 
biases toward this input even at short delays (e.g., 5 s). 
In contrast, if memory input is far from the locations cur-
rently activated in working memory, responses should 
be accurate even at long delays (e.g., 10 s). The charac-
teristics of the memory input were manipulated in two 
ways. As in Spencer et al. (2001), the memory of one lo-
cation was differen tially strengthened by increasing the 
number of trials to a biased or “A” location. In addition, 
the spatial separation between target locations was in-
creased: if targets are far apart, there is less chance that 
activa tion associated with one location will be attracted 
to ward memory input at a second location.
Readers familiar with recent accounts of the A-not-
B error may question whether these three predictions are 
novel. For instance, three other accounts of the A-not-
B error predict that infants will make errors in between 
A and B provided that there are multiple hiding loca-
tions in the task space (Diamond et al., 1994; Marco-
vitch & Zelazo, 1999; Munakata, 1998; Mu nakata et al., 
1997). Might these models also explain why older chil-
dren make errors in between A and B in a sandbox task? 
The answer is “not necessarily,” be cause none of these 
accounts specify a priori how the presence of lids in the 
canonical A-not-B task and the absence of lids in the 
sandbox task affect chil dren’s ability to remember loca-
tions—and these sub tle task differences matter. For in-
stance, according to most accounts of the A-not-B error, 
such errors disap pear around 12 months of age. Thus, 
if 2-year-olds were put in an A-not-B task with multi-
ple hiding locations, they should not make errors in be-
Figure 2 The dynamic fi eld theory with homogeneous task input. Figure details are identical to Figure 1 with one exception—
the task input (a) was set to 0. See text for further details.
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tween A and B. In contrast. Spencer et al. (2001) dem-
onstrated that 2-year-olds do make A-not-B-type errors 
in the sandbox task. To explain why children of the same 
age show differences in performance across tasks, an ac-
count must specify how the task structure affects young 
children’s ability to remember locations. As can be seen 
in Figures 1 and 2, the DFT is up to this challenge. In 
this sense, the predictions of the DFT are novel.
EXPERIMENT 1
In the fi rst experiment, the three predictions of the 
DFT were tested using a new task—the spaceship task 
(see also, Hund & Spencer, 2002; Spencer & Hund, 
2002, in press). In this task, children see a spaceship 
appear and then disappear on a large, homogeneous ta-
bletop. When they hear a “go” signal, children move 
a marker (a rocket) to the location of the target (the 
spaceship). Thus, as in the sandbox task, children must 
remember a target location in the absence of salient lo-
cation cues. Although somewhat artifi cial, this aspect 
of the task is critical to testing the mechanistic pre-
dictions of the DFT about how sustained activation in 
working memory (i.e., in the planning fi eld) drifts dur-
ing de lays. Importantly, the spaceship task has sev-
eral ad vantages over the sandbox task. First, because a 
com puter controls the presentation of the target and the 
“go” signal, it is possible to control the location of the 
target and the duration of the memory delay with a high 
degree of precision. Second, a motion analysis system 
was used to record children’s responses (i.e., the po-
sition of the rocket). This system can record the loca-
tion of the marker with millimeter precision, al lowing 
for the detection of even subtle changes in children’s 
responses.
To examine whether children’s responses show a con-
tinuous spatial drift toward a longer term mem ory of the 
target locations, the strength and spatial structure of the 
memory input across conditions was manipulated. Spe-
cifi cally, the spatial separation be tween adjacent targets 
was varied. The predicted ef fect of this manipulation is 
illustrated in Figure 3. Re call that the memory input in 
the DFT is built up by repeatedly moving to the same 
locations across trials (Thelen et al., 2001). Thus, dur-
ing an experimental session, the memory input comes to 
refl ect the spatial layout and frequency with which the 
targets were vis ited. Figure 3a depicts the memory in-
put that might be constructed by having children move 
to three loca tions (–20°, 0°, and 20°) equally often. The 
dotted lines in this fi gure capture the activation in lon-
ger term memory associated with each individual target 
location. Because these activation distributions over lap,
Figure 3 Example of activation in the memory input with 
three targets that are (a) close together and (b) far apart. Ar-
rows indicate target (T) locations; dashed lines refl ect activa-
tion associated with each target; solid lines are the sum of 
the individual target activations.
they will sum in memory, resulting in the activa tion dis-
tribution shown by the solid line. Thus, after moving re-
peatedly to targets at –20°, 0°, and 20°, chil dren’s longer 
term memory will be biased toward an averaged loca-
tion near 0°. Consequently, when the 20° location, for 
instance, is the target on a particular trial, there will be 
stronger memory input to the left of this location and ac-
tivation in working memory should drift toward 0° dur-
ing the delay.
Figure 3b shows the memory input built up by hav-
ing children move repeatedly to three locations that are 
far apart: at –80°, 0°, and 80°. In this case, the activa-
tion associated with each individual location is identi-
cal to the individual activation profi les shown in Figure 
3a. The only difference is that the individual targets are 
far apart. This has a dramatic effect on the summed ac-
tivation: the summed acti vation is distributed symmet-
rically above each tar get location (see solid line). Thus, 
when one of the locations, for instance 80°, is selected 
as the target, activation in working memory should not 
drift during the delay due to symmetric memory input 
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around 80°. The memory input will help children’s re-
sponses remain accurate. 
Note that the target locations in the present study 
varied only in their angular separation from the mid-line 
of the table; they were always the same distance from a 
starting location. Only target direction was manipulated 
because previous fi ndings indicate that children younger 
than 9 years show less systematic response biases when 
locations vary in both direction and distance than when 
locations vary in direction only (Sandberg et al., 1996). 




A total of thirty-three 36- to 40-month-olds (M = 39.1 
months, SD =1.28 months) participated in Experiment 1. 
Participants were recruited from a database at the Uni-
versity of Iowa, and were tested in two sessions that 
were scheduled within a week of each other. After each 
session, the participants received a $5 gift certifi cate to 
a local toy store, and following the second session they 
received a certifi cate of participation. The parents of all 
participants gave informed consent. Twenty-two of the 
participants were female and 11 were male. Data were 
collected from 13 additional participants; however, these 
data were not analyzed for the following reasons: 9 par-
ticipants did not complete the task (5 from the condition 
in which the targets were separated by 80°), and 4 par-
ticipants did not have at least one trial of useable data to 
each target and delay following data processing (2 from 
the 80° condition). Thus, clearly there was diffi culty in 
getting children to complete the 80° condition. We re-
turn to this issue in the Discussion section for Experi-
ment 1. 
Apparatus 
The participants stood at a 4 ft x 4 ft (1.22 m x 1.22 
m) horizontal table (see Figure 4). The top of the ta-
ble was a uniform piece of PlexiglasTM with an arc re-
moved from one side. The participants stood within the 
arc with a parent or guardian seated in a chair directly 
behind them. The top of the table was at approximately 
belly height. The Plexiglas was covered with black tint-
ing on one side to keep the participants from seeing the 
light fi xtures placed underneath. The room lights were 
dimmed and black curtains were hung along the walls 
to the front and sides of the table and across the ceil-
ing. This prevented refl ections from appearing on the ta-
bletop that could be used as reference points. A yellow 
sticker was placed along the midline axis of the table, 15 
cm from the front edge of the table. This was the starting 
point for each trial. A rocket ship 8.5 cm high and 3 cm 
in diameter sat on this sticker. Children used the rocket 
to indicate where “spaceships” were hiding. 
Light-emitting diodes (LEDs) were placed below the 
tabletop every 10° from –90° to 90°. The LEDs were po-
sitioned in a semicircle with a radius of 15 cm centered 
at the starting point. An X-ray fi lm was placed on top of 
the LED board. This fi lm was black except for spaceship 
shapes that were aligned with the LEDs. A thin piece of 
white paper on top of the X-ray fi lm diffused the LED 
light. The LED voltage was adjusted to a level at which 
there were no visual after-images. A computer equipped 
with an I/O board connected to an external relay board 
controlled the lights. The board was able to trigger the tar-
get lights with better than 10-ms precision. The computer 
controlled the type and timing of all stimuli presented in 
the experiment using customized software. Prerecorded 
messages were played through two speakers on either side 
of the table. These messages led the participants through 
the game and gave feedback after each trial. 
Figure 4  Diagram (b) of experimental apparatus. Inset (a) shows the possible target locations. 
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Participants’ movements of the rocket were recorded 
at 150 Hz using an optical-electronic motion analysis 
system (Optotrak, Northern Digital, Inc., Waterloo, ON, 
Canada). This system tracks small (radius = 3.5 mm), 
individually pulsed infrared emitting diodes (IREDs) 
within a specifi ed three-dimensional volume with better 
than 1-mm precision. One IRED was attached to the tip 
of the rocket to track children’s responses as they moved 
the rocket from the starting position to the remembered 
location. 
Task and Procedure 
When each participant arrived at the laboratory, the 
study was described to the parent while the child played 
with toys and became comfortable with the laboratory 
environment. After the parent signed consent forms, the 
experimenter played a warm-up game on the fl oor with 
the child to teach the child the basics of the task. The 
child was told that he/she was going to play a game. The 
goal of the game was to help “Buzz LightyearTM” fi nd 
his lost spaceships. The experimenter gave the child the 
toy rocket and then turned over two fl ashcards, one with 
a spaceship on it and one with a star. The experimenter 
pointed out the spaceship card and placed both cards 
face down on the fl oor. When the experimenter said 
“Go,” the child was encouraged to place the rocket on 
top of the spaceship card. If the child “found” a space-
ship, a star sticker was placed on a certifi cate of partic-
ipation as a reward. The warm-up game was played un-
til the child successfully found at least two spaceships in 
two different locations. 
Next, the child and parent moved over to the experi-
mental table to start the spaceship task. The session be-
gan with demo trials to help the child learn the game. 
These trials were identical to the test trials except that 
the experimenter performed the task. The experimenter 
controlled the number of demo trials. Generally, children 
required only one demo; however, demo trials were re-
peated if a child did not attend to a complete demo trial 
or was not willing to participate. 
Each demo or test trial began when the computer 
said, “Let’s look for a spaceship.” Following a random 
pretrial delay, a spaceship was illuminated for 2 s on the 
table in front of the child. The child’s task was to move 
the rocket from the starting location to where the space-
ship was hiding when the computer said “Go, go, go.” 
If the participant moved the rocket before the “Go” sig-
nal, the computer gave a verbal warning such as, “Don’t 
forget to wait for the go.” After each trial, the target 
was reilluminated for 1.5 s so that the child could com-
pare the actual location with the location of the rocket 
(i.e., the remembered location). The child received ver-
bal feedback from the computer based on whether he/
she found the spaceship (the distance between the re-
sponse and the target was <5 cm), was close to the 
spaceship (the response-target distance was >5 cm and 
<8 cm), or was not so close (the response-target distance 
was >8 cm; as a basis for comparison, note that targets 
separated by 20° were 5.21 cm apart, and targets sepa-
rated by 40° were 10.26 cm apart). For each spaceship 
the child found, a star was placed on the participation 
certifi cate. The parent or guardian was instructed not to 
talk during a trial or give any signal that would help the 
child fi nd the spaceship, but was asked to give positive 
feedback after each trial. 
Experimental Design 
Children were randomly assigned to one of four con-
ditions. In each condition, children moved to three target 
locations: one to the left of the midline axis of the table, 
one aligned with the midline axis (0°), and one to the 
right of midline (see Figure 4). Children moved to these 
locations after three delays: 0 s, 5 s, and 10 s. Across 
conditions, the angular distance separating the three tar-
gets was varied. The separation between adjacent targets 
in the four conditions was 20°, 40°, 60°, and 80°. For 
example, in the 20° condition, targets were located at –
20°, 0°, and 20° (see Figure 4). 
Children participated in two sessions that were each 
approximately 20 minutes long. The two sessions were 
identical except that the warm-up game was not played 
before the second session. Each session consisted of 6 
trials at each delay (2 to each target), for a total of 18 
trials per session. Thus, across the two sessions, chil-
dren were asked to complete 36 trials, 4 to each target at 
each delay. The target presentation and order of the de-
lays were randomized such that no more than two trials 
to the same location occurred in a row. Participants were 
encouraged to complete all 18 trials during each session; 
however, during some sessions, children stopped play-
ing the game early. On average, children who were in-
cluded in the fi nal analyses completed 29.48 trials across 
the two sessions (SD = 5.61). 
Method of Analysis 
The Optotrak data were used to identify a starting 
and ending location for each trial. This was diffi cult for 
some trials. For example, sometimes children moved 
the rocket to a location, touched the table at that loca-
tion, and then moved the rocket back to the start. When 
this happened, the location at the end of the trial was 
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near the starting position. To overcome such diffi culties, 
computer-automated software was used to identify the 
start and end of the movement. The start of the move-
ment was defi ned as the fi rst data frame in a trial with 
a tangential velocity >2 cm/s. This “resting level” crite-
rion was used by Spencer and Hund (in press) to distin-
guish low-level noise from the movement of the hand. 
Several trials were checked via visual inspection to ver-
ify that this criterion worked effectively with 3-year-
olds’ movements. The end of the movement was iden-
tifi ed by searching backward from the end of the trial to 
the last frame that had a velocity less than 2 cm/s and a 
z-coordinate value (vertical dimension) less than 11cm 
and greater than 6 cm (recall that the rocket was 8.5-cm 
high). A z-coordinate greater than 11cm meant that the 
rocket was still in the air above the table. A z-coordinate 
less than 6 cm meant that the rocket had fallen over. 
After the start and end locations were selected, the 
computer calculated the directional and distance error 
for each trial. Specifi cally, the computer calculated the 
angle between the line connecting the start location and 
the target location and a line connecting the start loca-
tion and the ending location. Negative directional er-
rors indicate counterclockwise errors relative to the tar-
get direction. The computer also calculated the distance 
along the start–end line between the ending location and 
the target distance. Negative distance errors indicate that 
children undershot the target. 
All trials from the computer-automated analyses 
were checked for computer selection mistakes using 
an interactive version of the automated analysis soft-
ware before fi nal analysis. The interactive software al-
lowed for manual editing of the starting and ending lo-
cations; however, all manual selections were required to 
meet the starting and ending criteria outlined above. Af-
ter data processing, four children did not have at least 
one trial to each target at each delay. Therefore, data 
from these children were removed from the fi nal anal-
yses. For the remaining children, the median directional 
and distance error to each target at each delay were an-
alyzed. Unlike the mean response, children’s median re-
sponses were less affected by the variability in perfor-
mance from trial to trial. 
Results 
Directional Error 
The directional errors to each target at each delay 
are shown in Figure 5 for the four separation conditions. 
Negative errors indicate counterclockwise errors; posi-
tive errors indicate clockwise errors. As can be seen in 
the fi gure, responses to the left and right targets generally 
drifted toward the center target as the delay increased. 
Specifi cally, errors to the left target drifted clockwise 
(positive errors) over delays, whereas errors to the right 
target drifted counter-clockwise (negative errors) over 
delays. The drift toward the center target was greatest in 
the 20° and 60° conditions, and smallest in the 40° con-
dition. Errors to the center target remained generally ac-
curate across the 10-s delay in all conditions. 
Children’s median directional errors were analyzed 
in a three-way repeated-measures ANOVA with separa-
tion as a between-subjects factor and target and delay as 
within-subjects factors. There was a signifi cant main ef-
fect of target, Wilks’ Λ = .62, F(2,28) = 8.67, p = .001, 
and a signifi cant Delay x Target interaction, Wilks’ Λ = 
.29, F(4, 26) = 15.79, p < .001. No other effects in the 
ANOVA reached signifi cance. Thus, in contrast to our 
prediction that children’s biases toward the memory in-
put would decrease at large target separations, children’s 
responses to the left and right targets were biased toward 
the center target, even in the 80° condition. 
The Delay x Target interaction is shown in Figure 6. 
Tests of simple effects revealed that directional error to 
the right target, F(2, 64) = 10.90, p < .001, and left tar-
get, F(2, 64) = 9.69, p < ,001, increased signifi cantly 
over delay, whereas directional error to the center target, 
F(2, 64) = .62, ns, did not. Follow-up t-tests indicated 
that directional errors to the right target increased signif-
icantly between 0 s and 5 s, t(32) = 2.80, p < .005, and 
between 5 s and 10 s, t(32) = 2.08, p < .025. Similarly, 
directional errors to the left target increased signifi cantly 
between 0 s and 5 s, t(32) = –2.34, p < .025. Directional 
errors to the left target also increased between 5 s and 10 
s, but this increase was only a marginal effect, t(32) =  –
1.60, p < .07. These results are consistent with the pre-
dictions of the DFT: children’s responses to the left and 
right targets showed continuous spatial drift toward the 
center target during the memory delay.
 
Distance Error 
Figure 7 shows the mean distance error to each target 
at each delay for the four target separation conditions. 
Positive errors indicate that children overshot the tar-
get, and negative errors indicate that children undershot 
the target. Generally, 3-year-olds undershot the targets 
slightly at the shortest delay (0 s), and overshot the tar-
gets following the 5 and 10 s delays. These data were an-
alyzed in a three-way repeated-measures ANOVA with 
separation as a between-subjects factor and target and 
delay as within-subjects factors. There was a signifi cant 
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delay main effect, Wilks’ Λ = .43, F(2, 27) = 17.82, p < 
.001, but no other signifi cant effects. Thus, the increase 
in distance error over delays in Figure 7 was statistically 
reliable. In contrast to directional error, however, which 
increased systematically across delays, follow-up t tests 
indicated that distance error increased signifi cantly be-
tween 0 s and 5 s, t(31) =  4.47, p < .001, but not be-
tween 5 s and 10 s, t(33) = 1.83, ns. No other effects in 
the ANOVA reached signifi cance.
Discussion 
As predicted by the DFT, 3-year-olds’ directional re-
sponses in the spaceship task showed continuous spa-
tial drift, even at short delays. Children’s directional re-
sponses to the left and right targets were biased toward 
the center target, and this bias increased from 0 s to 5 s 
and from 5 s to 10 s. The drift in directional responses 
toward the center target was consistent with the predic-
tion that children’s responses would be biased toward a 
longer term memory of the target locations. Specifi cally, 
we predicted that children’s longer term memory of the 
left, center, and right targets would blend together, pro-
ducing strong memory input at a central location—the 
average of the three targets (see Figure 3a). Responses to 
the center target were also consistent with this proposal. 
Responses to the center target were accurate across de-
lays, suggesting that the memory input helped stabilize 
working memory at this location. 
 
Figure 5  Mean directional error in the (a) 20°, (b) 40°, (c) 60°, and (d) 80° target separation conditions for movements to the 
left (dot-dashed line, diamond symbol), center (dashed line, square symbol), and right (solid line, triangle symbol) targets over 
delays. Diagrams of the table top (insets) with arrows denoting the direction of errors are included for reference. The symbols 
marking the locations of the spaceships on the table correspond to the symbols used for the different targets on the graph.
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Nevertheless, data were not consistent with the pre-
diction of the DFT that children would show less bias 
toward the center target at larger target separations. Al-
though there was a small reduction in directional bias 
toward the center target at the 40° and 80° separations, 
there were no statistically signifi cant differences in di-
rectional biases across separations. It is possible that 
we did not sample a large enough spatial range to probe 
the characteristics of the memory input. In the 80° con-
dition, the targets were separated by 19.2 cm. Three-
year-olds’ longer-term memory may be broadly distrib-
uted such that there was still considerable overlap in 
longer-term memory at this separation. This interpreta-
tion is consistent with data from Spencer et al. (2001). 
These researchers found that 2-year-olds’ responses on 
the B trial of an A-not-B sandbox task were strongly bi-
ased toward an A location, even when the absolute loca-
tion of  “A” varied across a 20.3-cm (8 in) spatial range. 
Spencer et al. proposed that 2-year-olds’ memory of the 
different A locations blended together, creating a strong 
memory input around an average A location. 
Although it may be possible to test this spatial range 
proposal by increasing the target separation in the space-
ship task, it is important to note that it was diffi cult to 
get the 3-year-old children to complete the 80° condi-
tion. This condition may be particularly diffi cult because 
children turned their heads to one side or the other when 
the left and right targets were illuminated, and then re-
oriented their attention to the center of the table during 
the delay. Such recurrent reorientation of gaze in the ab-
sence of salient visual cues may be quite diffi cult for 3-
year-olds. If this is the case, the data reported here may 
have been infl uenced by a selection bias in the 80° con-
dition: only very skilled children may have been able 
to complete this condition, perhaps leading to slightly 
more accurate responses. Thus, although it would be in-
teresting to increase the target separation in future ex-
periments, we suspect the challenges present in the 80° 
condition would be more prevalent at even larger target 
separations and would preclude strong tests of the model 
predictions. 
In addition to the signifi cant biases in directional er-
ror, children tended to overshoot the target at long de-
lays. Given that children had to remember a single tar-
get distance, it is somewhat surprising that their errors 
increased over delays. It is possible that this increase re-
fl ects a dependency between directional and distance er-
rors, that is, 3-year-olds may not represent the direction 
and distance of a target along two independent dimen-
sions. Instead, biases in the representation of informa-
tion along one dimension may produce biases along the 
second dimension. This would contrast with data show-
Figure 6 Mean directional error collapsed across target separation conditions for movements to the left (dot-dashed line, dia-
mond symbol), center (dashed line, square symbol), and right (solid line, triangle symbol) targets over delays. A diagram of 
the tabletop (inset) with symbols marking the left, center, and right targets and arrows denoting the direction of errors is in-
cluded for reference. 
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ing that 9-year-old children and adults represent direc-
tion and distance independently (Ghez et al., 1997; Gor-
don, Ghilardi, & Ghez, 1994; Huttenlocher et al., 1991; 
Messier & Kalaska, 1997; Rosenbaum, 1980; Sandberg 
et al., 1996). 
An alternative possibility is that children’s direc-
tional and distance errors refl ect a bias toward the cen-
ter of the table. Huttenlocher et al. (1991) proposed that 
children and adults use the centers of spatial regions to 
help them remember locations. According to their CA 
model, young children treat large, homogeneous spaces 
such as the tabletop in the spaceship task as a single cat-
egory with a spatial “prototype” at the center (see Hut-
tenlocher et al., 1994). When a target is presented, chil-
dren encode the “fi ne-grained” or metric location of the 
target and the location of the prototype. During recall, 
these two types of information are combined, producing 
a bias toward the prototype because all target locations 
within a category are “weighted” with the same proto-
type. In the present experiment, 3-year-olds’ directional 
biases toward the center target may, in fact, refl ect a bias 
toward the center of the table. The overshoot in chil-
dren’s distance responses may refl ect the same bias. 
In the present experiment, the three target locations 
were positioned symmetrically around the mid-line axis 
of the table. Consequently, the memory input and the 
prototypical location in the task space overlapped. In the 
next experiment, these two types of information were 
disassociated by rotating the targets to one side of the 
table. 
Figure 7 Mean distance error for the (a) 20° (b)40°,(c) 60°, and (d) 80° target separation conditions for movements to the left 
(dot-dashed line, diamond symbol), center (dashed line, square symbol), and right (solid line, triangle symbol) targets over de-
lays. Diagrams of the tabletop (inset) with symbols marking the left, center, and right targets and arrows denoting children’s 
distance errors are included for reference. 
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EXPERIMENT 2 
Results from Experiment 1 clearly demonstrated that 
3-year-olds’ directional responses drift systematically 
during 0- to 10-s delays. The cause of these directional 
biases is not clear, however. According to the DFT, these 
biases refl ect attraction toward an averaged memory 
input at the center target. According to the CA model, 
however, these biases refl ect attraction toward a spatial 
prototype at the center of the table. 
These alternative accounts were tested by rotating 
targets to the left or right of the midline of the table. In 
a –40° rotation condition, targets were located at –60°, –
40°, and –20°, whereas in a 40° rotation condition, tar-
gets were located at 20°, 40°, and 60° (see Figure 4). 
If the biases toward the center target in Experiment 1 
were caused by a pull toward the memory input, as pre-
dicted by the DFT, then directional responses to the left 
and right targets in each condition (e.g., 20°, 60°) should 
be biased toward the center target (e.g., 40°) over de-
lays. Furthermore, responses to the center target (e.g., 
40°) should be accurate over delays. Indeed, according 
to the DFT, directional errors in both rotation conditions 
should be identical to children’s errors in the 20° separa-
tion condition from Experiment 1 (see Figure 8a). In all 
of these conditions, the three targets were separated by 
20°. Consequently, the spatial structure of the memory 
input should be identical, and working memory should 
drift comparably over delays. 
It is important to emphasize that according to these 
predictions, children should make different delay-depen-
dent errors in the rotation conditions relative to the same 
absolute locations used in Experiment 1. For instance, 
in Experiment 1, there was a signifi cant increase in di-
rectional error toward the center target over delays when 
targets were located at ±20°. The DFT predicts that di-
rectional responses to the ±20° locations in Experiment 
2 will change directions and drift away from the center 
of the table. Thus, how memory drifts over delays (or 
fails to drift) is experience dependent: responses depend 
on the trial-by-trial construction of the memory input. 
In contrast to the DFT, the CA model predicts that 
children’s responses to all three targets in each rotation 
condition should be biased toward the center of the ta-
ble—the spatial prototype. Thus, children’s biases in the 
rotation conditions should be identical to responses to 
the same absolute locations in Experiment 1. Figure 8b 
shows data from the left targets in the 20°, 40°, and 60° 
conditions of Experiment 1. Because these same abso-
lute target locations were used in the –40° rotation con-
dition, biases toward the spatial prototype in this con-
dition should be identical to the biases shown in Figure 
8b. Similarly, Figure 8c shows data from the right tar-
gets in the 20°, 40°, and 60° conditions of Experiment 1. 
Again, because these same absolute locations were used 
in the 40° rotation condition, biases toward the spatial 
prototype in this condition should be identical to the bi-
ases shown in Figure 8c. 
Method 
Participants 
A total of nineteen 36- to 40-month-olds (M = 38.3 
months, SD = 1.36 months) participated in Experiment 2. 
Five of the participants were female and 14 were male. 
Data were collected from 3 additional participants; how-
ever, these data were not analyzed for the following rea-
sons: 1 participant did not complete both sessions, data 
from 1 participant had to be excluded due to an experi-
menter error, and 1 participant did not have at least one 
trial of useable data per target and delay after data pro-
cessing. Participants were recruited from a participant 
database at the University of Iowa, and were tested in 
two sessions that were scheduled within a week of each 
other. After each session, the participants received two 
small toys, and after the second session, they received 
a certifi cate of participation. The parents of all partici-
pants gave informed consent. 
Apparatus, Task, and Procedure 
The apparatus for the –40° rotation condition was the 
same as in Experiment 1. The apparatus for the 40° rota-
tion condition was identical from the children’s perspec-
tive; however, two modifi cations were made to the ap-
paratus to enhance its functioning. First, the top of the 
table in the 40° rotation condition was a rear projection 
screen rather than a piece of Plexiglas. Second, a video 
projector below and to the rear of the table projected im-
ages onto the table’s surface. The projected spaceship 
images and the image that marked the starting location 
were the same size as in Experiment 1and had a similar 
luminance. All other apparatus details were identical to 
Experiment 1.The task and procedure were the same as 
in Experiment 1. 
Experimental Design 
Participants were randomly assigned to the –40° ro-
tation and 40° rotation conditions. In the –40° rotation 
condition, targets were located at –60°, –40°, and –20°. 
In the 40° rotation condition, targets were located at 20°, 
40°, and 60°. As in Experiment 1, participants moved to 
these locations after three delays: 0 s, 5 s, and 10 s. All 
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other details of the experimental design were identical 
to Experiment 1 with one exception: the total number 
of trials was reduced because several participants in the 
previous experiment had diffi culty completing all of the 
trials. There were 3 trials to each target at each delay for 
a total of 27 trials across the two sessions—14 in session 
one and 13 in session two. On average, children com-
pleted 21.53 trials (SD = 3.73) across both sessions.
Figure 8 (a) Mean directional error predicted by the DFT in both (±40°) rotation conditions for movements to the left (dot-
dashed line, diamond symbol), center (dashed line, square symbol), and right (solid line, triangle symbol) targets over delays. 
(b, c) Mean directional error predicted by the CA model for the (b) –40° rotation and (c) 40° rotation conditions. (d, e) Mean 
directional error for movements to the left, center, and right targets over delays for the (d) 40° rotation and (e) –40° rotation 
conditions of Experiment 2. Diagrams of the tabletop (insets) with symbols marking the left, center, and right targets and ar-
rows denoting the direction of errors are included for reference. 
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Method of Analysis




Children’s directional errors are shown in Figure 8 
along with the predictions generated from the DFT and 
CA models. As can be seen in Figure 8d, chil dren’s di-
rectional errors in the 40° rotation condition were similar 
to the predictions of the DFT: responses to the left and 
right targets were biased toward the center target over 
delays, although biases to the left or “inner” target (20°) 
were relatively large even at the shortest delay. In con-
trast, data from the –40° rota tion condition (see Figure 
8e) generally refl ected the predictions of the CA model: 
responses to all three targets at the 5-s delay were biased 
clockwise or to ward the center of the table.
Median directional errors were analyzed in a three-
way repeated-measures ANOVA with rotation as a be-
tween-subjects factor and target and delay as within-
subjects factors. There was a signifi cant main effect 
of target, Wilks’ Λ = .56, F(2,16) = 6.43, p < .01. Re-
sponses to the left target were rotated clockwise or to-
ward the center target (M = 8.62), and responses to the 
right target were rotated counterclockwise or to ward the 
center target (M = –7.68). In contrast, re sponses to the 
center target were relatively accurate (M = –1.59).
The ANOVA also revealed a signifi cant Delay x 
Rotation interaction, Wilks’ Λ = .45, F(2,16) = 9.76, p 
< .01. This interaction is shown in Figure 9. For com-
parison, data from the 20° separation condition from 
Experiment 1 are also shown. As can be seen in this 
fi gure, children’s directional error was more strongly 
biased toward the center of the table over de lays in the 
–40° rotation condition than in the 40° ro tation condi-
tion. Tests of simple effects revealed a signifi cant in-
crease in directional error over delays in the –40° ro-
tation condition, F(2, 34) = 6.82, p < .01, but not in 
the 40° rotation condition, F(2,34) = 2.96, ns. As dis-
cussed previously, the biases toward the center of the 
table in the –40° rotation condition are consistent with 
the CA model. Responses in the 40° rotation con dition, 
however, should have been more strongly bi ased to-
ward the center of the table according to this model. 
In contrast, the DFT predicted that data from both ro-
tation conditions would be comparable with the data 
from the 20° separation condition of Experi ment 1. It 
is clear from Figure 9 that this was only the case in the 
40° rotation condition.
Figure 9  Mean directional error over delays in the 40° rota-
tion (solid line, diamond symbol) and –40° rotation (dashed 
line, square symbol) conditions from Experiment 2 and the 
20° separation condition (dot-dashed line, triangle symbol) 
from Experiment 1. A diagram of the tabletop (inset) with 
stars marking the targets in the 40° and –40° rotation condi-
tions and arrows denoting the direction of the overall error is 
included for reference.
Tests of the DFT predictions. To test the predictions 
of the DFT directly, a set of planned comparisons was 
conducted. According to the DFT, there should not be 
a signifi cant difference between directional errors in the 
rotation conditions and directional errors in the 20° sep-
aration condition from Experiment 1. Thus, two three-
way repeated-measures ANOVAs were con ducted com-
paring data from each rotation condition with data from 
Experiment 1. Experiment (1,2) was a between-subjects 
factor in each ANOVA, whereas tar get and delay were 
within-subjects factors. Given that a subset of data from 
Experiment 1 were included in each analysis, only sig-
nifi cant experiment effects are reported.
In the fi rst analysis, data from the –40° rotation con-
dition and data from Experiment 1 were compared. 
There was a signifi cant experiment effect, F(l, 16) = 
8.72, p < .05, and a signifi cant Delay x Experiment in-
teraction, Wilks’ Λ = .55, F(2,15) = 6.14, p < .025. This 
interaction is shown in Figure 9; children’s responses in 
the –40° rotation condition were biased toward the cen-
ter of the table over delays and not toward the cen ter tar-
get as predicted by the DFT. In contrast, results from the 
second analysis supported the predictions of the DFT: 
there were no signifi cant experiment effects when data 
from the 40° rotation condition were compared to data 
from Experiment 1. Across these two analyses, there-
fore, there was mixed support for the DFT. 
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Tests of the CA model predictions. To test the pre-
dictions of the CA model directly, a set of planned 
comparisons was conducted in which data from each 
absolute location used in Experiments 1 and 2 were 
directly compared. Six 2-way ANOVAs were con-
ducted, one at each of the following locations: ±20°, 
±40°, and ±60°. In each ANOVA, Experiment (1, 2) 
was a between-subjects factor and delay was a within-
subjects factor. As above, only signifi cant experiment 
effects are reported. According to the CA model, there 
should be no signifi cant experiment effects in these 
analyses. 
There were signifi cant experiment effects at two 
spatial locations: –40° and 20°. There was a signifi -
cant Delay x Experiment interaction at –40°, F(2,30) = 
3.49, p < .05. Tests of simple effects indicated that di-
rectional errors to this location increased signifi cantly 
over delays in Experiment 1 (see the dashed line in 
Figure 8b), F(2, 14) = 4.28, p < .05, but not in Exper-
iment 2 (see the dashed line in Figure 8e), F(2, 16) = 
1.44, ns. The lack of signifi cant delay effects in Exper-
iment 2 is not consistent with the CA model, although 
the direction of bias at –40° (i.e., clockwise) was gen-
erally in the predicted direction. In addition to the ef-
fects at –40°, there was an experiment main effect at 
20°, F(1,17) = 22.41, p < .001. In Experiment 1, chil-
dren showed signifi cant directional biases toward the 
center target and toward the center of the table (see the 
dot-dashed line in Figure 8c), whereas in Experiment 2, 
directional biases at 20° were toward the center target 
and away from the center of the table (see dot-dashed 
line in Figure 8d). Thus, the experiment effects at 20° 
were not consistent with the CA model. 
Distance Errors 
Median distance errors were analyzed in a three-
way repeated-measures ANOVA with rotation as a be-
tween-subjects factor and target and delay as within-
subjects factors. There was a signifi cant main effect 
of delay, Wilks’ Λ = .63, F(2,16) = 4.72, p < .025. No 
other effects reached signifi cance. As in Experiment 1, 
children undershot the targets slightly at the 0-s delay 
(M = –0.53), and overshot the targets at the other de-
lays (5 s: M = 2.36; 10 s: M = 2.11). Follow-up t tests 
revealed that there was a signifi cant increase in dis-
tance error between the 0-s and 5-s delays, t(18) = –
3.18, p < .01, but not between the 5-s and 10-s delays, 
t(18) = –0.27, ns. 
Discussion 
The goal of Experiment 2 was to determine if the de-
lay-dependent response biases reported in Experiment 1 
were due to an attraction toward memory input (DFT) or 
attraction toward a spatial prototype at the center of the 
table (CA model). These alternatives were tested by ask-
ing children to remember target locations rotated to the 
left or right of the midline axis of the table. This dissoci-
ated the center of the three targets (i.e., the center of the 
memory input) from the center of the table. 
Results from the rotation conditions provided mixed 
support for each model. As in Experiment 1, children’s 
responses to the ±60° locations showed a large spatial 
drift over delays; however, the direction of these re-
sponse errors (i.e., inward) was consistent with both 
models. Thus, data from these targets provided an im-
portant replication of the time-dependent effects from 
Experiment 1, but did not help to falsify one model or 
the other. Responses to the ±40° locations had more po-
tential to tease apart predictions of each model. The CA 
model predicted that responses to these locations would 
be biased toward the center of the table, whereas the 
DFT predicted that responses would be accurate over 
delays. In general, responses to ±40° were biased toward 
the center of the table, thereby supporting the CA model. 
Comparisons to data from Experiment 1, however, indi-
cated that children’s memory of the –40° location in the 
present experiment did not change signifi cantly over de-
lays, thereby supporting the DFT model. Thus, results to 
the ±40° locations supported aspects of both models, but 
were not completely consistent with either model. 
Responses to the ±20° locations provided the stron-
gest test of each model’s predictions, because the pre-
dicted effects were in opposite directions: the CA model 
predicted that responses would be biased toward the 
center of the table; the DFT predicted that responses 
would be biased away from the center of the table and 
toward the center target. Responses to the 20° location 
were consistent with the DFT-children’s responses were 
biased toward the center target and away from the cen-
ter of the table. Responses to the 20° location generally 
supported the CA model, however, responses were bi-
ased toward the center of the table at the 5-s delay. There 
was a bias toward the center target at the 0- and 10-s de-
lays, but these effects were small. Thus, once again, data 
were not completely consistent with either model. 
How can these mixed results be explained? One pos-
sibility is that the spatial drift in 3-year-olds’ location 
memory responses is infl uenced by both factors—mem-
ory input and the midline axis of the table. This might 
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explain why responses to the ±20° locations showed 
variations in the direction of bias over delays: memory 
for these locations was pulled in opposite directions, 
both toward and away from the midline of the table. The 
combination of both effects might explain the mixed re-
sults at the ±40° locations as well. In this case, responses 
were biased toward the center of the table, but the mem-
ory input may have prevented the memory of the –40° 
location from drifting signifi cantly over delays. 
The proposal that young children’s spatial memory 
is biased toward two factors is consistent with data from 
Spencer et al. (2001). These researchers found that 2-
year-olds’ responses were biased toward an A location 
in a sandbox task. The magnitude of this bias, how-
ever, varied depending on the locations of A and B in the 
sandbox: responses showed less bias toward A when A 
was in a direction away from the center of the sandbox 
relative to B, than when A was toward the center of the 
sandbox relative to B. 
If children’s spatial memory is infl uenced by both the 
geometric properties of the task space—the mid-line of a 
table, the center of a sandbox—and a longer-term mem-
ory of the possible target locations, then neither model 
tested here provides a complete account of 3-year-olds’ 
spatial memory abilities. The DFT does a good job of 
explaining the continuous spatial drift in children’s re-
sponses, and the memory input effects reported here and 
in Spencer et al. (2001). There is no clear mechanism in 
this model to explain the bias toward the center of the 
table/sandbox, however. In contrast, the CA model ex-
plains how spatial memory is affected by the geomet-
ric properties of the task space. Nevertheless, this model 
does not provide a formal account of delay and memory 
input effects. It is important to note that these limitations 
of each model do not preclude a complete account of 
spatial memory. Rather, they point out how each model 
must be modifi ed in the future. We return to these issues 
in the General Discussion.
 
EXPERIMENT 3 
The fi nal experiment examined two central issues 
raised by the results of Experiment 2. First, Experi-
ment 2 provided the fi rst clear evidence of a bias toward 
memory input with 3-year-old children. This evidence, 
however, was mixed because children’s responses to the 
–20° location were not consistently biased away from 
midline and toward the center target. This contrasts with 
the fi ndings of Spencer et al. 2001) that showed that 2-
year-olds’ responses were always strongly biased toward 
memory input at an A location, even when A was in a di-
rection away from the center of the sandbox. Thus, one 
goal of Experiment 3 was to provide evidence that 3-
year-olds’ responses to targets on both sides of midline 
can be pulled away from midline in the spaceship task 
with strong memory input. 
The second goal of the present experiment was to in-
vestigate the construction of the memory input from trial 
to trial. According to the DFT, response biases should 
change from trial to trial as children construct a longer 
term memory of the possible target locations (see Thelen 
et al., 2001). In contrast, the CA model predicts that re-
sponse biases should remain relatively similar across tri-
als, because these biases are largely determined by the 
geometric properties of the task space. In Experiments 
1 and 2, the trial order was randomized; thus, it was not 
possible to tease apart memory input and spatial proto-
type effects on a trial-by-trial basis. In Experiment 3, 
this issue was investigated directly by using an A-not-B-
type trial order-repeated trials to an A location followed 
by random trials to A and B. 
Three-year-olds moved to two locations used in Ex-
periment 2: ±40° and ±60°. The A location was always 
the outer target (i.e., ±60°), whereas the B location was 
the inner target (±40°). Children moved to the A loca-
tion four times in a row. This was followed by eight ran-
domly ordered trials—four to A and four to B. Accord-
ing to the DFT, biased experience moving repeatedly to 
A should build up a strong memory input at the A loca-
tion, which should have three effects: 
(1) children’s responses to A should be more accu-
rate relative to performance to the same locations in 
Experiment 2, (2) children’s responses to B should be 
pulled toward A (i.e., away from midline) over delays 
because of strong memory input at the A location, (3) 
there should be evidence of a bias toward A on the fi rst 
B trial. Note also that the bias toward A on the B trials 
might diminish across repeated trials to the B location as 
the memory input at B becomes stronger. 
Although the CA model does not predict trial-by-trial 
effects, it is useful to consider what this model predicts 
for the direction of effects on the A and B trials: on both 
the A and B trials, children’s responses should be biased 
toward the center of the table. Therefore, as with the 
±20° locations in Experiment 2, the CA and DFT mod-
els make opposite predictions in the present experiment.
Method 
Participants 
A total of eighteen 36- to 41-month-olds (M = 39.7 
months, SD = 1.07 months) participated in Experiment 
3. Nine of the participants were female and 9 were male. 
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Data were collected from 3 additional participants; how-
ever, these data were not analyzed for the following rea-
sons: 2 participants did not complete the task and data 
from 1 participant had to be excluded due to experi-
menter error. All other participant details were identical 
to Experiment 2. 
Apparatus, Task, and Procedure 
The apparatus for this experiment was the same as 
the apparatus used in the 40° rotation condition of Ex-
periment 2. The task and procedure were the same as in 
Experiments 1 and 2. 
Experimental Design 
Participants were randomly assigned to one of two 
conditions. In the –40° rotation condition, the targets 
were located at –40° and –60°; and in the 40° rotation 
condition, the targets were located at 40° and 60°. Chil-
dren moved to the ±60° target—the A target—eight 
times per session: twice after a 0-s delay, three times af-
ter a 5-s delay, and three times after a 10-s delay. Chil-
dren moved to the ±40° target—the B target—four times 
per session: twice after a 5-s delay, and twice after a 10-
s delay. Only two delays were used on the B trials to 
keep the total number of trials comparable with the to-
tals used in Experiment 2 (27 trials). The fi rst 4 trials of 
each session were always to the A location (±60°) at a 
randomly selected delay. The remaining trials were ran-
domized such that no more than two trials to the same 
target location occurred in a row. Participants were en-
couraged to complete all trials during each session; how-
ever, during some sessions, the children stopped playing 
the game early. On average, children completed 22.33 
trials (SD = 1.90) across both sessions. 
Method of Analysis 
The method of analysis was the same as in Experi-
ments 1 and 2. 
Results 
Directional Error 
The goal of Experiment 3 was to determine if 3-
year-olds’ memory for locations is strongly affected by 
the memory input. Thus, rather than examining whether 
children’s directional responses drifted in a clockwise 
or counterclockwise manner over delays, this experi-
ment examined whether directional responses drifted to-
ward A over delays. Errors toward A were positive; er-
rors away from A were negative. Note that, because the 
A location (±60°) was always away from midline with 
respect to the B location (±40°), this measure also cap-
tured errors away from (positive) or toward (negative) 
the center of the table. Note also that there were no tri-
als to B at the 0-s delay. Consequently, errors at 0 s were 
not analyzed. 
According to the DFT, biasing how often children 
moved to A should decrease directional errors to the A 
location. As can be seen in Figures 10c and 10d, direc-
tional errors to A (the outer target) in both rotation con-
ditions were near zero at 5 s and 10 s. This stands in 
sharp contrast to the large biases toward the center of 
the table when children moved to the same targets at 
the same delays in Experiment 2 (see Figures 10a and 
b).The DFT also predicted that 3-year-olds’ responses 
to B (the inner target) should be pulled toward A. This 
was indeed the case. Errors to the B location were pos-
itive, or toward A, in both rotation conditions (see Fig-
ures 10c, d). These biases were generally in the opposite 
direction (i.e., away from the center of the table) relative 
to errors to the same locations (±40°) in Experiment 2 
(see Figures 10a and b). 
Children’s median directional errors were analyzed 
in a three-way repeated-measures ANOVA with rota-
tion (–40°, 40°) as a between-subjects factor and target 
(A,B) and delay (5 s, 10 s) as within-subjects factors. 
There was a main effect of target, Wilks’ Λ = .24, F(1, 
16) = 51.92, p < .001. Follow-up t tests indicated that re-
sponses to the B locations differed signifi cantly from 0 
error, t(17) = 3.99, p = .001, whereas responses to A did 
not, t(17) = –.98, ns. These results are consistent with 
the predictions of the DFT. 
Comparisons to data from Experiment 2. In a second 
directional analysis, children’s median directional errors 
from the present experiment were compared to direc-
tional errors to the ±40° and ±60° targets from Experi-
ment 2. Specifi cally, a repeated-measures ANOVA was 
conducted with Experiment (2,3) and rotation (–40°, 
40°) as between-subjects factors and target (inner, outer) 
and delay (5 s, 10 s) as within-subjects factors. Given 
that a subset of data from Experiment 2 were included, 
only signifi cant experiment effects are reported. 
There was a signifi cant experiment main effect, 
F(1,33) = 14.20, p = .001. Children’s directional errors 
in Experiment 2 were generally negative or toward the 
midline of the table (see Figure 10). In contrast, direc-
tional errors in Experiment 3 were generally positive or 
away from midline (i.e., toward A).Thus, the large dif-
ference in directional error across experiments shown in 
Figure 10 was a statistically reliable effect. 
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Trial-by-trial analyses. In a fi nal set of directional 
analyses, the trial-by-trial predictions of the DFT (for 
the number of children contributing data to each trial-
by-trial analysis below, see the caption of Figure 11) 
were examined. First, children’s errors on the fi rst four 
A trials in each session were examined. As can be seen 
in Figure 11a, children’s responses were generally quite 
accurate on the fi rst four A Trials, with directional er-
ror near 0 by Trial A4. There was, however, a small 
bias toward midline, particularly during Session 2. Data 
from each session were analyzed in a repeated-measures 
ANOVA with rotation (–40°, 40°) as a between-subjects 
factor and trial (Al, A2, A3, A4) as a within-subjects fac-
tor. There were no signifi cant effects for either session. 
Furthermore, t tests indicated that the directional errors 
in Session 1, t(13) = –.08, ns, and Session 2, t(17) = –
1.04, ns, did not differ signifi cantly from 0 error. Thus, 
as predicted by the DFT, children’s responses were ac-
curate following repeated trials to an A location. 
Next, errors on the last successive A trial were com-
pared to errors on the fi rst B trial. (Note that for some 
children, the last successive A Trial occurred on Trial 
5 [Session 1: n = 5; Session 2: n = 41, trial 6 [Session 
1: N = 0; Session 2: n = 31, or trial 7 [Session 1: N = 
2; Session 2: n = 1]). As can be seen in Figure 11b, er-
rors on the last A trial were generally small, whereas 
errors on the fi rst B trial were positive—toward the A 
location and away from midline. These data for each 
session were analyzed in a repeated-measures ANOVA 
with trial (last A, fi rst B) as a within-subjects factor and 
rotation (–40°, 40°) as a between-subjects factor. There 
was a signifi cant effect of trial for Session 1, Wilks’ Λ 
= .66, F(1,14) = 7.19, p <.025. There was also a signif-
icant effect of trial for Session 2, Wilks’ Λ = .65, F(1, 
16) = 8.75, p <.01. Thus, as predicted by the DFT, 3-
year-olds showed a signifi cant bias toward the A loca-
tion on the fi rst B trial. Follow-up t tests confi rmed that 
the directional errors on the fi rst B trial differed signifi -
Figure 10  Mean directional error for movements to the outer (±60°; dashed line, diamond symbol) and inner (±40°; solid line, 
square symbol) targets at the 5-and 10-s delays in the (a) –40° and (b) 40° rotation conditions of Experiment 2 and the (c) –
40° and (d) 40° rotation conditions of Experiment 3. Positive scores indicate errors toward the outer target (the A location); 
negative errors indicate errors away from the outer target. Diagrams of the tabletop (insets) with symbols marking the inner 
and outer targets and arrows denoting the direction of errors are included for reference. 
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cantly from 0 error for Session 1, t(16) = 2.63, p <.025, 
and Session 2, t(17) = 2.52, p <.025. 
The third set of analyses examined the fi rst three 
trials to the B location in each session. According to 
the DFT, the bias toward the A location might weaken 
as the number of trials to the B location increases. As 
can be seen in Figure 11c, the bias toward A gener-
ally became smaller across the fi rst, second, and third 
B trials in each session. A repeated-measures ANOVA 
for each session with trial (B1, B2, B3) as a within-
subjects factor and rotation (–40°, 40°) as a between-
subjects factor revealed no signifi cant effects, how-
ever. The lack of signifi cant trial effects may have 
been due to the randomization of A and B trials af-
ter the fourth A trial—the A trials that intervened be-
tween B1, B2, and B3 may have “refreshed” the bias 
toward A (for related effects with infants, see Smith 
et al., 1999; Thelen et al., 2001). Despite the absence 
of a trial effect, t tests confi rmed that the bias toward 
A on the B trials differed signifi cantly from 0 error 
during session 1, t(13) = 3.73, p <.01, and Session 2, 
t(16) = 1.75, p <.05. 
Distance Errors 
As in the previous two experiments, children over-
shot the targets at the 5- and 10-s delays. The average 
median distance error across delays was 2.05 cm (SE = 
.64 cm). The magnitude of this overshoot was compara-
ble with the average median distance error to the ±40° 
and ±60° locations from Experiment 2 (M = 2.25 cm; SE 
= .91 cm). Children’s median distance errors were an-
alyzed in a three-way repeated-measures ANOVA with 
rotation (–40°, 40°) as a between-subjects factor and tar-
get (A, B) and delay (5 s, 10 s) as within-subjects fac-
tors. There was a signifi cant Delay x Rotation interac-
tion, Wilks’ Λ =.76, F(1,16) = 4.94, p <.05. Examination 
of the data suggested that this effect was largely driven 
by the median response from one participant in the 40° 
rotation condition who overshot the target by 17.13 cm 
at the 5-s delay (for comparison, the next largest dis-
tance error was 10.17 cm). When this participant’s data 
were removed from the analysis, there were no longer 
any signifi cant distance error effects. Thus, with one ex-
ception, children’s distance errors to each target at each 
delay were comparable across conditions. 
Figure 11  Mean directional error for (a) the fi rst four A trials, (b) the last successive A trial and fi rst B trial, and (c) the fi rst 
three B trials for Session 1 (dashed line, diamond symbol) and Session 2 (solid line, square symbol). Positive errors indicate 
errors toward the A location (away from midline); negative errors indicate errors away from the A location (toward midline). 
Note that data were not available for all participants for all trials in a session. Thus, the number of participants contributing 
data to each set of means varied: for the fi rst four A trials, n = 14 for Session 1 and n = 18 for Session 2; for the last A and fi rst 
B trials, n = 17 for Session 1 and n = 18 for Session 2; for the fi rst three B trials, n =14 for Session 1 and n = 17 for Session 2. 
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Discussion 
Results from Experiment 3 demonstrate that 3-year-
olds’ location memory responses are strongly affected 
by memory input. As predicted by the DFT, children 
were able to accurately remember the A location over 
delays after repeatedly moving to this location. In con-
trast, children’s responses on the B trials were biased to-
ward A. Importantly, this effect was most dramatic on 
the fi rst B trial in each session. Thus, moving repeatedly 
to the same location created strong memory input at A. 
This, in turn, caused memory to drift toward A on the 
fi rst B trial. These data contrast with the predictions of 
the CA model and with children’s directional responses 
toward the center of the table in the –40° rotation con-
dition of Experiment 2. Thus, 3-year-olds’ responses 
on both sides of the spaceship table can be biased away 
from midline with strong enough memory input. These 
data are consistent with data reported by Spencer et al. 
(2001) with 2-year-old children. As in the present exper-
iment, Spencer et al. reported biases toward an A loca-
tion, even when A was in a direction away from the cen-
ter of the sandbox relative to B. 
GENERAL DISCUSSION 
The goal of the current set of experiments was to test 
three predictions of the DFT about the nature of 3-year-
olds’ delay-dependent location memory errors. The fi rst 
prediction was derived from a novel characteristic of 
the DFT previously reported in this article—activation 
within self-sustaining dynamic fi elds can drift systemat-
ically over delays in the absence of salient location cues. 
Based on this characteristic of the DFT, we predicted that 
3-year-olds’ responses would show a continuous spatial 
drift over short-term delays in a task with a homoge-
neous task space. This was indeed the case. Three-year-
olds’ directional responses to the left and right targets in 
Experiment 1 and to the outer targets in Experiment 2 
drifted continuously during 0- to 10-s delays. This drift 
increased signifi cantly from 0 s to 5 s and from 5 to 10 
s. Several previous studies have shown that young chil-
dren’s location memory responses are biased in partic-
ular directions after a delay (Huttenlocher et al., 1994; 
Spencer et al., 2001); however, this is the fi rst study with 
young children to demonstrate that spatial drift increases 
systematically from second to second. We contend that 
this systematic spatial drift is an important signature of 
the processes that underlie the maintenance of location 
information in working memory—processes formalized 
by the DFT. It is important to emphasize that continuous 
spatial drift is not a requirement of the working mem-
ory system. Location memory could decay in many dif-
ferent ways. For instance, children’s memory for a target 
location could simply become less accurate over delays. 
In this case, responses would be more variable after long 
delays, but the mean of the responses would be centered 
near the true location. 
The second prediction tested was that 3-year-olds’ 
memory responses would be biased toward their longer 
term memory of previously moved-to locations; that is, 
toward the memory input. This prediction was also sup-
ported. Some evidence of biases toward the memory in-
put was seen in Experiment 2. Experiment 3, however, 
provided the clearest demonstration of the predicted ef-
fect: when we biased how often children moved to an 
outer target, responses to this “A” location were accu-
rate over delays whereas responses to an inner “B” lo-
cation were biased toward A. Importantly, there was a 
signifi cant bias toward A on the fi rst B trial in both ex-
perimental sessions. These results are consistent with 
2-year-olds’ biases in an A-not-B sandbox task (Spen-
cer et al., 2001). Taken together, these studies demon-
strate that 2- and 3-year-olds’ short-term memory for 
locations is sensitive to input from longer term mem-
ory. The existence of memory input effects at 3 years 
supports the proposal by Thelen, Smith, and colleagues 
(Smith et al., 1999; Thelen et al., 2001) that the pro-
cesses formalized by the DFT are general processes not 
unique to infancy. 
The third prediction tested was that the magnitude 
and direction of delay-dependent spatial drift would de-
pend on the strength and spatial structure of the memory 
input. In Experiment 1, we attempted to manipulate the 
strength of memory input effects by changing the sep-
aration between adjacent targets. In contrast to the pre-
dictions of the DFT, a signifi cant change in the bias to-
ward the center target across separation conditions was 
not seen. When the three targets in Experiment 2 were 
rotated, however, a signifi cant change in directional er-
rors relative to associated changes in the spatial struc-
ture of the memory input was seen. The signifi cant de-
lay-dependent drift toward midline at the –40° location 
in Experiment 1 was no longer signifi cant, and the bias 
toward mid-line at 20° reversed direction and drifted 
away from midline. Finally, as discussed above, manip-
ulations of the strength—of the memory input at A and 
B locations in Experiment 3 had the predicted effects. In 
summary, changes in the memory input in two of three 
experiments altered how children’s memory drifted over 
delays in a manner consistent with the DFT. 
Taken together, data from the present study provide 
support for the proposal by Thelen et al. (2001) that 
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the DFT—originally proposed to explain infants’ er-
rors in the classic Piagetian A-not-B task—is a general 
processes account. Support was found for all three pre-
dictions derived from the DFT using a novel task (the 
spaceship task) with 3-year-old children. Thus, the prin-
ciples of the DFT are not specifi c to a particular period 
in development, nor are they specifi c to behavior in a 
particular task. 
Although the results of this study demonstrate that 
the DFT can link the performance of 12- and 36-month-
olds, it is also clear from the results that the DFT does 
not provide a complete account of younger children’s 
spatial memory abilities. Of particular note, 3-year-olds 
showed biases toward the midline of the task space-bi-
ases consistent with the CA model proposed by Hut-
tenlocher and colleagues (1991). In the next two sec-
tions, we evaluate how effectively the DFT brings 
together spatial memory processes in infancy and early 
childhood. 
Implications of 3-Year-Olds’ Location Memory 
Biases for Errors in Infancy 
Memory Input Effects 
The present study is the fi rst to show systematic bi-
ases toward previously moved-to locations with 3-year-
old children. These results contradict proposals by Dia-
mond and Doar (1989) and Munakata (Munakata, 1998; 
Munakata et al., 1997) that longer term memory biases 
weaken in early development. The data also demonstrate 
that the structure of the task space plays a pivotal role in 
the presence or absence of memory input effects. Con-
sequently, it is important for accounts of spatial mem-
ory to specify how task cues are used when children are 
asked to remember locations. We contend that the DFT 
is the only account of the A-not-B error that does this ef-
fectively enough to make a priori predictions about chil-
dren’s behavior in tasks with marked hiding locations 
and tasks with a homogeneous space. 
Although 3-year-olds show biases toward memory 
input, we agree with Diamond and Munakata that there 
may be changes in the strength and/or spatial range of 
such biases in early development. Indeed, results from 
Experiment 2 that showed weaker memory input effects 
at 20° may indicate that by 3 years, children are better 
able to selectively suppress some location cues (for re-
lated ideas, see Newcombe & Huttenlocher, 2000). It is 
important to emphasize, however, that statements about 
changes in the strength of longer term memory biases 
must be grounded in the details of the spatial memory 
task. 
Delay-Dependent Biases 
As with memory input effects, delay-dependent re-
sults from the present study may have important impli-
cations for accounts of developmental changes in spatial 
memory around 12 months. Data from several studies 
show that infants can tolerate longer delays in the A-not-
B task between 8 and 16 months (e.g. Diamond & Doar, 
1989). This suggests that infants’ ability to sustain infor-
mation in memory improves during this time. Through 
the lens of the DFT, however, this statement is overly 
simplistic. According to this model, the delay during 
which children can accurately remember a location de-
pends on the strength and spatial characteristics of the 
memory, specifi c, and task inputs; and developmen-
tal changes in children’s ability to sustain activation in 
working memory. Results from the present study high-
light the interplay among these factors. We were able to 
systematically shift 3-year-olds’ ability to accurately re-
member the same absolute locations across conditions, 
even though the perceptual cues in the task space and 
the delays were the same. Thus, memory decay over 
short-term delays is experience dependent—even subtle 
changes in children’s trial-to-trial experiences can affect 
their ability to tolerate delays. 
The task- and experience-dependent nature of loca-
tion memory may explain why there is so much variabil-
ity in the delays that infants can tolerate across tasks. 
For instance, Brody (1981) noted that estimates of the 
delays that 8- to 16-month-old infants can tolerate in re-
call tasks vary between 3 s and 15 s (Millar & Schaffer, 
1972; Ramey & Ourth, 1971; Watson, 1967). She sug-
gested that these variations are a function of the type of 
task an infant is required to perform. The DFT takes this 
proposal one step farther by formalizing how the task 
matters. Consequently, the DFT can be used to make 
predictions about the types of developmental profi les 
one might see both within a task over development and 
across different tasks. 
Implications for Models of the A-not-B Error 
In the present study, the DFT was used to generate 
hypotheses about the performance of 3-year-olds in a 
task analogous to tasks used by Huttenlocher and col-
leagues (e.g., Huttenlocher et al., 1994; Sandberg et 
al., 1996). Although no other models of the A-not-B er-
ror have been applied to such tasks, it is useful to ask 
whether other models of the A-not-B error might be able 
to account for the present study’s results. 
To account for data from this present study, A-not-B 
models would have to capture the performance of chil-
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dren in tasks with a homogeneous task space. Although 
this seems like a straightforward extension of some ex-
isting models, this may not be the case. Consider, for in-
stance, one of the most thoroughly specifi ed models of 
the error—Munakata’s Parallel Distributed Processing 
(PDP) model (Munakata, 1998; Munakata et al., 1997). 
In its current form, this model cannot produce changes 
in the magnitude of responses in between three loca-
tions because there are only three location nodes in the 
network (consequently, the network can only make a 
response at one of three discrete locations). Thus, one 
would need to add more location nodes, a relatively sim-
ple operation. The addition of location nodes, would not 
necessarily lead to the type of systematic spatial drift 
observed in this study, however. For this, activation in 
the network must travel “laterally” across nodes during 
delays. It is not apparent that the Munakata network will 
show this type of coherent, traveling activation. Indeed, 
we suspect that the model would require new constraints 
on how the nodes are connected to one another. There-
fore, although homogeneous tasks seem very similar to 
tasks with marked locations, it may not be easy for the 
Munakata network to formally reproduce the types of 
behaviors reported in this article. 
Two other accounts might be able to capture the pres-
ent study’s data because they explain infants’ responses 
in between A and B in a multilid A-not-B task—Dia-
mond et al.’s (1994) inhibitory account and Marcovitch 
and Zelazo’s (1999) response versus representation ac-
count. The primary limitation of these accounts—in 
contrast to the Munakata model—is that they are not 
formalized process models. That is, these accounts fail 
to specify the processes that underlie performance in A-
not-B-type tasks with enough detail to allow for a priori 
generalizations to new situations such as the spaceship 
task used in the present study. 
According to Marcovitch and Zelazo’s (1999) ac-
count, for example, A-not-B errors disappear around 
12 months when infants begin to rely more on a repre-
sentational system that encodes space allocentrically 
rather than a response system that encodes space rela-
tive to action. (Note that our focus is on the Marcovitch 
and Zelazo account because the Diamond et al., 1994 
account has not been mathematically formalized [al-
though see Marcovitch & Zelazo, 1999]). The represen-
tation and response systems are formally represented by 
two functions—one that specifi es the resultant contribu-
tion of the representational system to behavior, and one 
that specifi es the resultant contribution of the response 
system to behavior. Children’s performance in a given 
task can be captured by changing the parameters of each 
function such that the sum of these functions fi ts the rel-
evant data. Concretely, the parameters can be set such 
that the response system dominates at 8 to 10 months 
when infants perseverate in the A-not-B task, and the 
representational system dominates at 12 months when 
infants stop perseverating and correctly reach to B. 
Therein lies the fundamental limitation of this model—
there are no constraints on how the parameters are set. 
Consequently, it is not clear what the model would pre-
dict about 3-year-olds’ performance in the spaceship task 
used in this study. One might contend that if 12-month-
olds can rely on a representational system in the A-not-
B task with the hiding locations marked, then surely 3-
year-olds should be equally reliant on this system when 
the hiding locations are not marked in the spaceship 
task. Alternatively, one might claim that the homoge-
neous nature of the task space requires that children rely 
more on the response system, in which case 3-year-olds 
might err in between A and B. Although there may be 
kernels of truth in these statements, the point is this: the 
model does not help to decide which of these statements 
is true a priori. Thus, the model can only be fi t to results 
post hoc, leaving it with little predictive value (although 
for an interesting application of this model to the perse-
verative responses of 2-year-olds, see Zelazo, Reznick, 
& Spinazzola, 1998). 
Beyond Infancy: Evaluating the DFT and 
CA Models 
As stated previously, the DFT and CA models can 
account for different aspects of the present results. The 
DFT does a good job in capturing the continuous spatial 
drift noted in this study, as well as many of the memory 
input effects. In contrast, the CA model can capture chil-
dren’s biases toward the midline of the task space. Al-
though a formal comparison of these models is beyond 
the scope of the current article, in this section the rela-
tive merits of these models are outlined and possible fu-
ture elaboration of these accounts is discussed. 
The Dynamic Field Model 
The major weakness of the DFT is that it fails to ex-
plain why children showed biases toward the midline of 
the task space, even when the memory input was shifted 
to the left or right of midline (see Experiment 2). A sim-
ple post hoc account of the midline bias is possible, how-
ever. Data from several studies demonstrate that people 
do not perceive “empty” geometrical spaces as empty 
per se. Instead, people perceive these fi gures as being 
subdivided by symmetry axes such as the vertical, hor-
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izontal, and diagonal axes that cut through the center of 
a square or rectangle (Beh, Wenderoth, & Purcell, 1971; 
Blakemore, Carpenter, & Georgeson, 1970; Bouma & 
Andriessen, 1970; Carpenter & Blakemore, 1973; Hart-
ley, 1982; Wenderoth, 1997; Wenderoth, Johnstone, & 
van der Zwan, 1989). If we assume that 3-year-olds per-
ceived the midline symmetry axis of the spaceship table, 
a midline “task input” can be added to the dynamic fi eld 
model to produce the combination of memory input and 
midline biases we observed in this study. 
Figure 12 shows a set of simulations of the DFT that 
demonstrate that this model can qualitatively capture de-
lay-dependent biases toward a memory input and biases 
toward midline with the addition of a midline task input. 
Each simulation fi gure is structured in the same manner 
as the simulations shown in Figures 1 and 2. The left 
column in each fi gure shows the task input, specifi c in-
put, and memory input, with the planning fi eld to the 
right. The left panels of Figure 12 show simulations of 
the DFT when targets are presented at –60° (see the spe-
cifi c input in Figure 12a), –40° (see the specifi c input 
in Figure 12b), and –20° (see the specifi c input in Fig-
ure 12c) without task input but with memory input. Spe-
cifi cally, there is no task input in Figures 12a, 12b, and 
12c, and the memory input is distributed across the three 
possible hiding locations (–60°, –40°, –20°; the mem-
ory input in these simulations refl ects activation built 
up in longer term memory following repeated trials to 
the same three locations). The right panels of Figure 12 
show simulations of the model when targets are pre-
sented at the same three locations (–60°, –40°, –20°) in 
the presence of both a midline task input and memory 
input. Note that the memory inputs in Figures 12d, 12e, 
and 12f are identical to the memory inputs in the simula-
tions in the left panels. 
As can be seen in Figures 12a through 12c, the dy-
namic fi eld model shows biases toward the center target 
(40°) when memory input is present, but task input is not. 
When the target is presented at –60° (Figure 12a), the 
model builds a peak of activation centered at the target 
location and, during the delay (4–10 s), activation drifts 
toward –40° (i.e., inward). Similarly, when the target is 
presented at –20° (Figure 12c), the peak of activation at 
the target location drifts toward –40° (i.e., outward) dur-
ing the delay. In contrast, when the target is presented at 
–40°, activation remains centered at the target location 
during the delay. These effects are modulated when a 
midline task input at 0” is added. With the target at –60° 
(Figure 12d), activation still shows a strong inward bias. 
When the target is presented at –40° (Figure 12e) and –
20° (Figure 12f), however, there is a slight bias toward 
midline (i.e., toward 0°). Thus, the presence of a midline 
task input effectively attenuates memory input effects 
when the model is asked to “remember” the center and 
right targets. This captures the qualitative pattern of re-
sults from the –40° rotation condition of Experiment 2. 
In this condition, there was strong bias toward midline at 
–60°, a small bias toward midline at –40° that did not in-
crease signifi cantly over delays, and a slight bias toward 
midline after the 5-s delay at 20°. 
The simulations in Figure 12 demonstrate that a mod-
ifi ed version of the DFT can capture midline biases. 
Therefore, the primary weakness of the DFT in this study 
can, in principle, be overcome. It is worth noting, how-
ever, that it is not clear why children in Experiment 2 
showed stronger midline biases to the –20° target in the –
40° rotation condition than to the 20° target in the 40° ro-
tation condition. Further investigation is needed to clar-
ify this result. It is also important to reiterate that the 
midline task input was a post hoc addition to the model. 
Thus, this aspect of the model will require thorough in-
vestigation in the future. With this larger goal in mind, it 
is worth noting that the new version of the model makes 
some specifi c predictions. In particular, it should be pos-
sible to modify children’s memory responses by chang-
ing the strength of the midline task input. For example, 
if we were to add perceptual cues to the task space—per-
haps by projecting a collection of “landmark dots along 
midline—children should show stronger mid-line biases. 
The CA Model 
The CA model was proposed to explain children’s 
use of spatial category information in simple recall tasks. 
Huttenlocher and colleagues (1994) proposed that young 
children treat homogeneous task spaces as a single cat-
egory with a prototype at the center. At recall, children 
combine their fi ne-grained memory of the target loca-
tion with categorical information (the location of the 
prototype). This produces biases toward the spatial pro-
totype; that is, toward the center of the task space. Thus, 
this model can account for the midline biases found in 
this study. Indeed, this model provides the dominant ac-
count of such biases in the literature. 
Can the CA model capture the delay-dependent and 
memory input effects that were reported? Given that 
fi ne-grained and prototypical information are repre-
sented along continuous spatial dimensions, the CA 
model can produce the type of “in between” responses 
noted in this study. To produce continuous spatial drift, 
however, one must assume that fi ne-grained information 
becomes continuously less certain over delays. As this 
occurs, children should “weight” prototypical informa-
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Figure 12 Simulation of the dynamic fi eld theory with targets presented at (a, d) –60°, (b, e) –40°, and (c, f) –20° without a 
mid-line task input (left panels) and with a midline task input (right panels). The parameters for all of the simulations were 
identical except for the presence or absence of task input. See text for further details.
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tion more heavily, leading to a continuous increase in re-
sponse bias over delays. In principle, then, the CA model 
can produce delay-dependent spatial drift.
Nevertheless, we contend that the CA model needs 
greater specifi cation to fully account for the present 
study’s data. In its current form, there are no detailed 
constraints on how fi ne-grained and categorical infor-
mation are weighted. Thus, to simulate delay-dependent 
effects, one can modify the weighting function or the 
represented information “by hand” to produce a more 
biased outcome. This lack of constraint is especially 
problematic given that responses to the same locations 
in the present study showed spatial drift in some condi-
tions, but not in others. It is not clear how these results 
could be accounted for by uniform decay of fi ne-grained 
information over delays. 
The memory input effects in the present study pres-
ent a more serious challenge to the CA model: in its cur-
rent form, this model has no mechanism for such effects. 
Huttenlocher et al. (1991) proposed that prototypical in-
formation might be infl uenced by the distribution of 
target locations within a spatial category, but this pro-
posal has not been formalized (however, see Huttenlo-
cher, Hedges, & Vevea, 2000). Instead, these researchers 
have placed special emphasis on the centers of geomet-
ric regions. We suspect that a rather substantial change 
is needed if the CA model is to capture memory input 
effects. 
Conclusion 
In the present study, three specifi c predictions de-
rived from the DFT of the A-not-B error were tested. 
Support was found for all three predictions, demonstrat-
ing that the general processes captured by the DFT pro-
vide a bridge between phenomena in infancy and phe-
nomena in later development. Results, however, also 
showed that biases toward the midline of the task space 
originally reported by Huttenlocher et al. (1994) af-
fect children’s responses. Thus, aspects of the pres-
ent study’s data were effectively captured by the DFT, 
whereas other aspects of the data were consistent with 
the CA model. We hope that the existence of two com-
peting models of spatial memory development will en-
courage new research in the spatial memory domain that 
sheds light on truly classic developmental issues. 
ACKNOWLEDGMENTS 
The authors would like to thank the parents and children 
who participated in this study. Gabriel Casciato, Michael 
Chen, Alycia Hund, and Sandy Seeman helped with data col-
lection and analysis. Lloyd Frei, Keith Miller, Dale Parker, 
and MechDyne, Inc. provided valuable assistance construct-
ing and programming the experimental apparatus. Alycia 
Hund, Larissa Samuelson, and Esther Thelen provided help-
ful comments on an earlier version of this manuscript. 
ADDRESSES AND AFFILIATIONS 
Corresponding author: Anne R. Schutte, Department of Psychol-
ogy, University of Iowa [2006: Department of Psychology, Univer-
sity of Nebraska–Lincoln; e-mail: aschutte2@unl.edu ]
John P. Spencer is at the University of Iowa. 
REFERENCES 
Amari, S. (1977). Dynamics of pattern formation in lateral-inhibi-
tion type neural fi elds. Biological Cybernetics, 27, 77–87. 
Amari, S., & Arbib, M. A. (1977). Competition and cooperation in 
neural nets. In J. Metzler (Ed.), Systems neuroscience (pp. 119–
165). New York: Academic. 
Beh, H., Wenderoth, P., & Purcell, A. (1971). The angular function 
of a rod-and-frame illusion. Perception and Psychophysics, 9, 
353–355. 
Blakemore, C., Carpenter, R., & Georgeson, M. (1970). Lateral in-
hibition between orientation detectors in the human visual sys-
tem. Nature, 228, 37–39. 
Bouma, H., & Andriessen, J. J. (1970). Induced changes in the 
perceived orientation of line segments. Vision Research, 10, 
333–349. 
Brody, L. R. (1981). Visual short-term cued recall memory in in-
fancy. Child Development, 52, 242–250. 
Carpenter, R. H., & Blakemore, C. (1973). Interactions between 
orientations in human vision. Experimental Brain Research, 
18, 287–303. 
Diamond, A. (1990a). Development and neural bases of AB and 
DR. In A. Diamond (Ed.), The development and neural bases 
of higher cognitive functions (pp. 267–317). New York: Na-
tional Academy of Sciences. 
Diamond, A. (1990b). Developmental time course in human infants 
and infant monkeys, and the neural bases of inhibitory control 
in reaching. In A. Diamond (Ed.), The development and neural 
bases of higher cognitive functions (pp. 637–676). New York: 
National Academy of Sciences. 
Diamond, A,, Cruttenden, L., & Neiderman, D. (1994). AB with 
multiple wells: 1. Why are multiple wells sometimes easier 
than two wells? 2. Memory or memory + inhibition? Develop-
mental Psychology, 30, 192–205. 
Diamond, A,, & Doar, B. (1989). The performance of human in-
fants on a measure of frontal cortex function, the delayed re-
sponse task. Developmental Psychobiology, 22, 271–294. 
Ghez, C., Favilla, M., Ghilardi, M. F., Gordon, J., Bermejo, R., & 
Pullman, S. (1997). Discrete and continuous planning of hand 
movements and isometric force trajectories. Experimental 
Brain Research, 115, 217–233. 
404                                                       Schutte & Spencer in Child Development 73 (2002)
Gordon, J., Ghilardi, M. F., & Ghez, C. (1994). Accuracy of planar 
reaching movements. I. Independence of direction and extent 
variability. Experimental Brain Research, 99, 97–111. 
Hartelman, P., van der Maas, H. L. J., & Molenaar, P. C. M. (1998). 
Detecting and modelling developmental transitions. British 
Journal of Developmental Psychology, 16, 97–122. 
Hartley, A. A. (1982). The role of axes of symmetry in orientation 
illusions. Perception and Psychophysics, 31, 367–375. 
Hund, A. M., & Spencer, J. P. (2002). Developmental changes in 
the relative weighting of geometric and experienced-dependent 
location cues. Manuscript submitted for publication. 
Huttenlocher, J., Hedges, L. V., & Duncan, S. (1991). Categories 
and particulars: Prototype effects in estimating spatial location. 
Psychological Review, 98, 352–376. 
Huttenlocher, J., Hedges, L. V., & Vevea, J. L. (2000). Why do cat-
egories affect stimulus judgement? Journal of Experimental 
Psychology: General, 129, 220–241. 
Huttenlocher, J., Newcombe, N., & Sandberg, E. H. (1994). The 
coding of spatial location in young children. Cognitive Psy-
chology, 27, 115–147. 
Marcovitch, S., & Zelazo, P. D. (1999). The A-not-B error: Re-
sults from a logistic meta-analysis. Child Development, 70, 
1297–1313. 
Messier, J., & Kalaska, J. F. (1997). Differential effect of task con-
ditions on errors of direction and extent of reaching move-
ments. Experimental Brain Research, 115, 469–478. 
Millar, S. W., & Schaffer, H. (1972). Visual manipulative strategies 
in infant operant conditioning with spatially displaced feed-
back. British Journal of Psychology, 64, 545–552. 
Munakata, Y. (1998). Infant perseveration and implications for ob-
ject permanence theories: A PDP model of the AB task. Devel-
opmental Science, 1, 161–184. 
Munakata, Y., McClelland, J. L., Johnson, M. H., & Siegler, R. S. 
(1997). Rethinking infant knowledge: Toward an adaptive pro-
cess account of successes and failures in object permanence 
tasks. Psychological Review, 104, 686–719. 
Newcombe, N., & Huttenlocher, J. (2000). Making space: The de-
velopment of spatial representation and reasoning. Cambridge, 
MA: MIT Press. 
Newcombe, N., Huttenlocher, J., Drummey, A., & Wiley, J. (1998). 
The development of spatial location coding: Place learning and 
dead reckoning in the second and third years. Cognitive Devel-
opment, 13, 185–200. 
Piaget, J. (1954). The construction of reality in the child. New 
York: Basic. 
Piaget, J., & Inhelder, B. (1956). The child’s conception of space. 
London: Routledge and Kegan Paul. 
Ramey, C., & Ourth, R. (1971). Delayed reinforcement and vocal-
ization rates of infants. Child Development, 42, 291–297. 
Rosenbaum, D. A. (1980). Human movement initiation: Specifi ca-
tion of arm, direction, and extent. Journal of Experimental Psy-
chology, 109, 444–474. 
Sandberg, E. H., Huttenlocher, J., & Newcombe, N. (1996). The 
development of hierarchical representation of two-dimensional 
space. Child Development, 67, 721–739. 
Schoner, G., Kopecz, K., & Erlhagen, W. (1997). The dynamic 
neural fi eld theory of motor programming: Arm and eye move-
ments. In P. G. Morasso & V. Sanguineti (Eds.), Self-orga-
nization, computational maps and motor control (Vol. 119, 
pp. 271–310). Amsterdam, The Netherlands: Elsevier-North 
Holland. 
Smith, L. B., Thelen, E., Titzer, R., & McLin, D. (1999). Knowing 
in the context of acting: the task dynamics of the A-not-B error. 
Psychological Review, 106, 235–260. 
Spencer, J. P., & Hund, A. M. (in press). Prototypes and particulars: 
Geometric and experience-dependent spatial categories. Jour-
nal of Experimental Psychology: General. 
Spencer, J. P., & Hund, A. M. (2002). Are we there yet? Spatial 
memory models fail to capture both geometric and experience-
dependent biases in children’s memory for locations. Manu-
script submitted for publication. 
Spencer, J. P., Smith, L. B., & Thelen, E. (2001). Tests of a dy-
namic systems account of the A-not-B error: The infl uence of 
prior experience on the spatial memory abilities of 2-year-olds. 
Child Development, 72, 1327–1346. 
Thelen, E., Schoner, G., Scheier, C., & Smith, L. B. (2001). The 
dynamics of embodiment: A dynamic fi eld theory of infant 
perseverative reaching errors. Behavioral and Brain Sciences, 
24, 1–86. 
van der Maas, H. L. J., & Molenaar, P. C. M. (1992). Stage-wise 
cognitive development: An application of catastrophe theory. 
Psychological Review, 99, 395–417. 
Van Geert, P. (1998). A dynamic systems model of basic develop-
mental mechanisms: Piaget, Vygotsky, and beyond. Psycholog-
ical Review, 105, 634–677. 
Watson, J. S. (1967). Memory and contingency analysis in infant 
learning. Merrill-Palmer Quarterly, 13, 55–76. 
Wenderoth, P. (1997). The role of implicit axes of bilateral symme-
try in orientation processing. Australian Journal of Psychology, 
49, 176–181. 
Wenderoth, P., Johnstone, S., & van der Zwan, J. (1989). Two-di-
mensional tilt illusions induced by orthogonal plaid patterns: 
Effects of plaid motion, orientation, spatial separation, and spa-
tial frequency. Perception, 18, 25–38. 
Zelazo, P. D., Reznick, J. S., & Spinazzola, J. (1998). Representa-
tional fl exibility and response control in a multi-step multiloca-
tion search task. Developmental Psychology, 34, 203–214. 
Zelazo, P. R., & Zelazo, P. D. (1998). The emergence of conscious-
ness. In H. H. Jasper, L. Descarries, V. F. Castellucci, & S. Ros-
signol (Eds.), Consciousness: At the frontiers of neuroscience, 
advances in neurology (Vol. 77, pp. 149–165). Philadelphia: 
Lippincott-Raven. 
